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Abstract 

A  laboratory  setup  was  designed  and  put  into  operation  for  the  development  of  solid  oxide  fuel  cells  (SOFCs).  The  whole  project  consisted 
of  the  preparation  of  the  component  materials:  anode,  cathode  and  electrolyte,  and  the  buildup  of  a  hydrogen  leaking-free  sample  chamber  with 
platinum  leads  and  current  collectors  for  measuring  the  electrochemical  properties  of  single  SOFCs.  Several  anode-supported  single  SOFCs 
of  the  type  (ZrtVYjOj  +  NiO)  thick  anode/fZrtVYiOs)  thin  electrolyte/(Lao.65Sr0.35Mn03  +  Zr02:Y203)  thin  cathode  have  been  prepared 
and  tested  at  700  and  800  °C  after  in  situ  H2  anode  reduction.  The  main  results  show  that  the  slurry-coating  method  resulted  in  single-cells 
with  good  reproducibility  and  reasonable  performance,  suggesting  that  this  method  can  be  considered  for  fabrication  of  SOFCs. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Fuel  cells  (FC)  are  considered  one  of  the  important  power 
generation  technologies  for  the  future  due  to  the  ability  to 
directly  and  efficiently  convert  chemical  energy  to  electrical 
energy  [1].  Among  the  different  FC  technologies,  the  solid 
oxide  fuel  cell  (SOFC)  has  attracted  a  great  deal  of  attention 
due  to  its  high  efficiency,  variety  of  usable  fuels  and  wide 
range  of  power  generation  applications  [2].  The  SOFC  can 
use  hydrocarbon  fuels  to  produce  electrical  power  with  high 
efficiency  suggesting  future  developments  for  stationary  and 
portable  applications.  A  SOFC  generates  electricity  through 
the  reduction  of  oxygen  to  O2-  ions  at  the  cathode,  transfer  of 
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the  anions  through  an  electrolyte  that  is  an  electronic  insulator 
(usually  cubic  yttria-stabilized  zirconia;  YSZ),  and  finally  by 
the  oxidation  of  the  fuel  with  O2-  ions  at  the  anode.  The  solid 
oxide  fuel  cells  operating  at  high  temperatures  (800-1000  °C) 
combine  the  benefits  of  environmentally  benign  power  gener¬ 
ation  with  fuel  flexibility.  Various  designs  of  high  temperature 
solid  oxide  fuel  cells  have  been  put  into  operation  in  a  labora¬ 
tory  scale,  the  most  common  being  the  tubular,  the  monolithic 
and  the  planar  designs  [3]. 

Concerning  the  planar  design,  the  anode-supported 
SOFCs  have  as  main  advantage  the  substantially  lower  ohmic 
resistance  of  the  electrolyte,  and  consequently  the  lower  oper¬ 
ation  temperature  [4-9].  As  a  consequence,  conventional 
metal  interconnectors  could  be  used  at  low  manufactur¬ 
ing  costs.  In  this  SOFC,  a  relatively  thick  porous  anode 
is  used  to  provide  structural  support  for  the  assembly.  The 
anode-supported  cells  are  usually  fabricated  by  (i)  sintering 
the  anode  precursor  NiO  +  Zr02:8mol%  Y2O3,  (ii)  coat¬ 
ing  the  anode  with  a  thin  YSZ  electrolyte  and  firing  in  the 
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1400-1500  °C  range,  (iii)  coating  the  electrolyte  thin  film 
with  the  cathode  (Lai-jtSrvMnCL,  lanthanum  strontium  man- 
ganite;  LSM)  and  (iv)  firing  the  single-cell  at  approximately 
1200  °C.  Several  techniques  have  been  applied  for  the  fab¬ 
rication  of  anode-supported  single  SOFCs,  resulting  in  dif¬ 
ferent  microstructures  and  performances.  However,  a  simple 
and  low-cost  fabrication  method  has  not  been  established  and 
several  different  techniques  have  been  considered  [2,10]. 

One  of  the  ideas  of  this  paper  is  to  show  that  Brazil  has  a 
great  potential  for  establishing  a  national  program  of  develop¬ 
ment  of  solid  oxide  fuel  cells,  the  country  has  one  of  the  most 
important  deposits  of  minerals  for  obtaining  ceramic  grade 
zirconium  oxide  with  low  silica  content  [11],  the  basic  mate¬ 
rial  for  the  fabrication  of  solid  electrolytes  for  solid  oxide 
fuel  cells.  Brazil  has  also  very  large  deposits  of  monazitic 
sand,  which  are  basic  mineral  resources  for  obtaining  lan¬ 
thanum  oxide,  yttrium  oxide  and  rare  earth  oxides.  After 
chemical  processing  for  separation  and  purification,  ceramic 
grade  zirconium  oxide  with  <300  ppm  silica  content  and 
99.9%  yttrium  and  lanthanum  oxides  are  produced  at  IPEN. 
Moreover,  the  country  has  a  long  tradition  on  developing 
alternative  fuels  and  renewable  sources  [12].  Since  the  sev¬ 
enties,  ethanol  has  been  produced  in  large  quantities  either  for 
powering  vehicles  or  for  export.  Research  on  SOFC  develop¬ 
ment  using  ethanol  as  hydrogen  source  may  be  considered  a 
primary  challenge. 

In  this  paper,  we  report  the  evaluation  of  the  main  param¬ 
eters  of  a  single  solid  oxide  fuel  cell  using  ceramic  materials 
chemically  processed  at  IPEN  to  fabricate  the  anode,  the  cath¬ 
ode  and  the  electrolyte  components.  We  should  point  out  that 
to  put  into  operation  even  a  single  SOFC  is  not  an  easy  task. 
Besides  the  requirements  of  the  main  component  materials: 
anode,  electrolyte  and  cathode,  there  are  other  challenges  to 
overcome,  related  to  the  peripherals  of  the  single-cell:  termi¬ 
nal  leads,  current  collector,  hydrogen  leak-proof  anode  side 
reservoir  with  a  suitable  sealant,  fuel  and  oxidant  flow  con¬ 
trol,  etc.  The  confirmation  of  the  success  of  the  development 
here  presented  is  the  reduction  of  the  anode,  the  open  cell 
voltage  and  the  polarization  data  collected  at  high  tempera¬ 
tures  using  hydrogen  as  fuel  and  air  as  oxidant.  The  detailed 
preparation  of  the  single-cell  components  and  the  collected 
data  are  here  reported. 

2.  Experimental 

The  preparation  and  characterization  of  anode-supported 
single  SOFCs  are  described  below. 

The  anode  support  was  prepared  by  thoroughly  mix¬ 
ing  Zr02:8mol%  Y2O3  to  nickel  oxide  (40/60  vol.%)  in  an 
agate  mortar,  adding  0. 15  g  of  polyvinyl  alcohol  in  90  vol.% 
water  solution.  The  slurry  was  dried  overnight  at  room  tem¬ 
perature,  cold-pressed  under  25  MPa  in  a  25  mm  diameter 
cylindrical  die  and  pre-sintered  at  800  °C  at  5  °C  min-1  heat¬ 
ing  and  cooling  rates.  Care  should  be  taken  for  choosing 
appropriate  particle  average  size  and  distribution  as  well 


as  sintering  conditions  [13].  The  YSZ  powders  were  either 
from  Tosoh  Corp.  (13.4m2g_1  specific  surface  area)  or 
from  IPEN  (~  1 50  nr  g-1  specific  surface  area,  prepared  by 
co-precipitating  zirconium  oxychloride  and  yttrium  nitrate 
obtained  from  hydrous  zirconium  hydroxide  and  yttrium 
oxide  also  synthesized  at  IPEN)  [14]. 

The  ~lmm  thick  pre-sintered  YSZ-NiO  anode  is  used 
as  the  support  for  the  YSZ  solid  electrolyte.  The  slurries 
were  prepared  by  mixing  1.5  g  of  Zr02:8mol%  Y2O3  and 
0.04  g  sodium  hexametaphosphate  (deflocculating  agent)  to 
the  solvents  butanol  and  cyclohexane,  2  mL  of  each.  After¬ 
wards,  two  drops  of  polyethylene  glycol  and  0.08  g  polyvinyl 
butyral  organic  binders  were  added  under  continuous  stirring 
for  adjusting  the  viscosity  in  a  trial  and  error  basis  to  get  uni¬ 
form  and  suitable  thickness  by  hand  brushing  layers  onto  the 
anode.  The  half-cell  was  dried  at  room  temperature  overnight 
before  co-firing  at  1400  °C  for  1  h,  5°Cmin-1  heating  and 
cooling  rates,  to  produce  a  homogenous  and  dense  YSZ  layer 
on  the  anode. 

The  LSM  cathode  powders  were  prepared  by  solid-state 
reaction  among  lanthanum  oxide  produced  at  IPEN,  and  com¬ 
mercial  (reagent  grade)  strontium  carbonate  and  manganese 
oxide,  both  from  VETEC,  Brazil.  Mixing  and  heating  at 
1300  °C/1  h  (5  °C  min-1  heating  and  cooling  rates)  for  three 
times  with  intermediate  grindings  in  an  agate  mortar  resulted 
in  single  phase  Lao.65Sro.35Mn03.  Slurries  of  these  powders 
were  prepared  by  mixing  to  YSZ  (50/50  wt.%)  in  an  agate 
mortar,  adding  0.15  g  polyvinyl  alcohol  per  1  mL  distilled 
water.  The  viscosity  was  adjusted  to  get  uniform  and  suitable 
thickness  deposits  over  the  solid  electrolyte  following  the 
same  procedure  applied  for  depositing  the  electrolyte  layer. 
The  single-cell  was  then  fired  to  1200  °C  for  2  h  at  3  °C  min-1 
heating  and  cooling  rates  to  avoid  warping,  evidenced  by 
the  homogeneous  partially  sintered  layer  and  mechanical 
integrity. 

X-ray  diffraction  (XRD)  measurements  of  all  powder 
specimens,  sintered  pellets,  electrolyte  coating  onto  sintered 
anode,  cathode  coating  onto  electrolyte  and  anode  support 
after  cell  test  were  carried  out  in  a  Bruker- AXS  diffractometer 
operating  at  40  kV-40  mA  in  a  9-20  Bragg-Brentano  config¬ 
uration  with  Cu  Ka  radiation.  Scanning  electron  microscopy 
(SEM)  observations  of  fractured  cross-sections  were  carried 
out  in  a  LEO440I  Oxford  microscope  using  either  secondary 
or  backscattered  electrons. 

A  single-cell  test  chamber  was  designed  and  set  up  for 
electrical  measurements  up  to  1000  °C,  see  Fig.  1.  It  con¬ 
sists  of  a  programmable  vertical  resistive  split  furnace  with 
a  sample  chamber  made  of  high  alumina  and  quartz  tubes, 
and  platinum  meshes  and  wires  as  terminal  leads.  For  single¬ 
cell  testing,  platinum  mesh  was  used  as  current  collector  and 
Demetron  308A  (Degussa,  Hanau,  Germany)  platinum  paste 
was  used  to  attach  the  platinum  mesh  to  both  the  anode  and 
the  cathode.  The  sealing  of  the  anode  compartment  was  done 
by  using  a  ring  shaped  pyrex  piece  pressed  by  an  alumina 
tube  and  heated  to  800  °C  (10°Cmin_1)  for  softening.  Pres¬ 
surized  air  was  inserted  in  the  cell  for  checking  gas  tightness. 
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Fig.  1.  Schematic  drawing  of  the  anode- supported  SOFC  single-cell. 

The  reduction  of  nickel  oxide  to  nickel  was  achieved  by  heat¬ 
ing  under  hydrogen  gas  from  600  °  C  to  the  temperature  of  cell 
testing  (in  the  700-800  °C  range).  The  hydrogen  gas  from  the 
cylinder  supply  located  outside  the  laboratory  flows  through 
a  rotameter  and  a  crack  valve,  for  safety  purposes. 

Open  circuit  voltage  impedance  spectroscopy  measure¬ 
ments  were  performed  in  the  0.1  Hz-1  MHz  frequency  range 
at  temperatures  in  the  700-800  °C  range  with  amplitude  sig¬ 
nal  50  mV.  The  current-voltage  (/-V)  curves  were  obtained  in 
the  same  temperature  range.  Both  experiments  were  carried 
out  with  a  Parrstat  2263  potentiostat-galvanostat.  In  all  the 
electrical  measurements,  the  internal  resistance  associated  to 
the  test  system  leads  and  connections  were  corrected. 


3.  Results  and  discussion 

The  single-cell  components  were  analyzed  by  XRD,  as 
shown  in  Fig.  2.  The  X-ray  patterns  reveal  that  both  electrodes 
and  the  electrolyte  have  the  desired  crystalline  phases  and  no 
significant  spurious  phases  were  detected. 

The  single  SOFCs  were  analyzed  by  scanning  electron 
microscopy.  A  cross-sectional  image  of  a  typical  anode- 
supported  cell  is  shown  in  Fig.  3.  The  thickness  of  the 


26  (degree) 


Fig.  2.  X-ray  diffraction  patterns  of  the  main  components  of  the  SOFC;  from 
top  to  bottom:  yttria-stabilized  zirconia  +  nickel  oxide  (40/60  vol.%)  anode 
precursor;  yttria-stabilized  zirconia  +  nickel  anode  support  after  cell  test, 
yttria-stabilized  zirconia  solid  electrolyte  and  lanthanum  strontium  man- 
ganite  +  yttria-stabilized  zirconia  (50/50  wt.%)  cathode.  Indexing  of  main 
reflections:  (o)  YSZ,  (+)  NiO,  (□)  Ni  and  (x)  LSM. 


dense  electrolyte  and  porous  cathode  layers  was  evaluated 
as  ~70  and  ~90  p.m,  respectively.  In  addition,  the  elec¬ 
trode/electrolyte  interfaces  exhibit  a  good  homogeneity  and 
interlayer  adhesion.  The  anode  precursor  layer  shows  a  rela¬ 
tively  dense  microstructure  due  to  the  absence  of  pore  formers 
addition  during  the  preparation  step.  However,  the  oxygen 
release  during  the  reduction  of  NiO  is  expected  to  promote 
some  porosity  in  the  anode  [15]. 


Fig.  3.  Scanning  electron  microscopy  micrograph  of  the  cross-section  of 
single  anode-supported  SOFC  with  slurry-coated  electrolyte  and  cathode, 
before  anode  reduction. 
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Fig.  4.  Open  circuit  voltage  behavior  of  the  SOFC  before,  during  and  after 
anode  hydrogen  reduction  at  600  °C. 

For  the  electrical  measurements,  the  single-cell  is  posi¬ 
tioned  in  the  test  chamber.  The  first  step  is  to  connect  the  Pt 
leads  and  meshes  to  both  electrodes  and  raise  the  tempera¬ 
ture  of  the  system  to  800  °C  for  30  min.  At  this  temperature, 
a  pyrex  ring  placed  over  the  anode  is  partially  melted,  serv¬ 
ing  as  sealant  of  the  fuel  chamber.  The  temperature  of  the 
system  is  slowly  reduced  to  600  °C  and  air  is  blown  into 
the  cathode  chamber.  After  temperature  stabilization,  the  in 
situ  anode  reduction  was  investigated  by  recording  the  elec¬ 
tric  potential  U  between  cathode  and  anode,  as  shown  in 
Fig.  4.  With  air  flowing  in  both  anode  and  cathode  cham¬ 
bers  of  the  test  system,  the  single-cell  open  circuit  voltage 
Ho  —  10  mV  was  found  to  be  time  independent.  After  ~  100  s, 
FP  was  set  to  flow  in  the  anode  fuel  chamber  and  an  abrupt 
increase  of  the  electric  potential  is  observed  (Fig.  4).  Upon 
FP  flow,  the  U()  increases  rapidly  from  10  mV  to  —0.7  V  in 
—5  s  time  interval,  suggesting  that  the  NiO  reduction  occurs 
very  rapidly  at  600  °C  under  FI2.  In  fact,  as  NiO  is  reduced, 
the  open  circuit  voltage  of  the  SOFC  is  reached,  and  the 
minimum  FP  flux  necessary  to  maintain  Uq  is  stabilized  at 
—0.5  slpm.  Under  stable  gas  flow,  Uq  remains  constant  after 
— 150  s  and  the  temperature  of  the  system  were  raised  up  to 
700  °C  at  5°Cmin_1.  However,  no  significant  dependence 
on  the  temperature  was  observed  and  Uo  was  found  to  be 
~0.7  V. 

The  results  of  open  circuit  voltage  impedance  spec¬ 
troscopy  measurements  carried  out  at  700  and  800  °C  are 
shown  in  Fig.  5.  The  impedance  diagrams  show  an  inductive 
parasite  effect  at  high  frequencies  (f>  100  kHz),  an  artifact 
of  the  experimental  setup.  This  parasite  inductance  was 
found  to  be  nearly  temperature  independent  and  estimated 
to  be  —5  p.H  [16].  An  equivalent  circuit  model,  consisting 
of  a  resistor  R  and  two  parallel  resistor//constant  phase 
element  (A7/CPF)  circuits  connected  in  series  was  used  to 
fit  the  impedance  data.  The  impedance  diagrams  exhibit 
a  high  frequency  intercept  (Rq),  which  is  related  to  the 
electrolyte  resistance,  and  two  relaxations  at  lower  fre¬ 
quencies.  At  intermediary  and  low  frequency  ranges,  two 


Fig.  5.  Electrochemical  impedance  spectroscopy  diagrams  of  the  SOFC  at 
700  and  800  °C.  The  experimental  and  fitted  diagrams  are  shown  along  with 
the  schematic  representations  of  three  components  of  the  equivalent  circuit 
model  ( Ro ,  R\  and  R2). 

relaxations  associated  with  the  7?i//CPEi  and  AV/CPFi 
components,  respectively,  are  observed.  These  relaxations 
are  possibly  related  to  convoluted  contributions  arising 
from  the  electrolyte/electrode  interfacial  resistance  and  the 
electrochemical  reactions  taking  place  at  the  electrodes  [13]. 
In  fact,  similar  impedance  diagrams  have  been  reported: 
impedance  measurements  under  different  atmospheres  on 
both  the  cathode  and  the  anode  revealed  a  correspondence 
between  the  lower  frequency  relaxation  and  the  anode 
contribution  [17,18],  Using  the  equivalent  circuit  model,  the 
electrical  resistance  values  Rq ,  R\  and  AS  were  estimated. 
Increasing  the  temperature  from  700  to  800  °C  results  in  the 
decrease  of  the  total  area  specific  resistance  of  the  single-cell 
from  —32  to  — 9.5f2cm-2.  The  temperature  evolution  of 
the  fitted  components  indicates  that  the  activation  energies 
associated  with  the  Rq  and  R\  components  are  close  to 
the  ones  of  the  YSZ  solid  electrolyte.  On  the  contrary,  the 
relative  decrease  of  the  component  R2  at  800  °C  suggests 
that  this  contribution  has  higher  activation  energy,  probably 
being  the  rate  determining  step  reaction  at  the  electrodes. 

The  current-voltage  (/-V)  curves  of  the  SOFC  single¬ 
cells,  displayed  in  Fig.  6,  were  taken  at  700  and  800  °C  after 
the  corresponding  impedance  measurements.  In  addition,  the 
polarization  curve  at  700  °C  was  measured  after  —2  h  under 
operation  at  800  °C  to  check  the  stability  of  the  SOFC. 

The  I-V plots  are  linear  indicating  that  the  main  loss  mech¬ 
anism  is  related  to  the  ohmic  polarization  of  electrodes  and 
electrolyte.  In  fact,  the  characteristic  features  of  both  acti¬ 
vation  and  diffusion  polarizations  usually  observed  in  the 
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Fig.  6.  I-V  and  power  density  curves  of  a  single  SOFC  measured  under 
flowing  hydrogen  in  the  anode  and  air  in  the  cathode  at  700  and  800  °C,  and 
700 °C  after  ~2 h  under  operation  at  800  °C. 


I-V  plots  of  fuel  cells  were  found  to  be  absent  in  the  inves¬ 
tigated  current  range.  The  peak  power  densities  measured 
at  700  and  800  °C  were  ~7  and  ~18mWcm-2,  respec¬ 
tively. 

Both  I-V  measurements  at  700  °C  yield  the  same  data,  an 
indication  of  the  good  stability  of  the  system  in  the  inves¬ 
tigated  electrical  current  range  (Fig.  6).  The  Uq  values  at 
700  °C  measured  before  and  after  the  operation  at  800  °C  for 
2  h  were  found  to  be  approximately  the  same  of  the  one  at 
600  °C  (~0.7  V).  However,  the  increase  of  the  temperature  to 
800  °C  leads  to  an  increase  in  Uq  to  ~0.75  V.  The  Uo  values 
are  below  the  expected  thermodynamic  potential  for  the  H2 
oxidation  reaction  in  a  SOFC  [19].  The  observed  difference 
may  be  associated  with  electrical  resistances  arising  from  the 
electrical  contacts  as  well  as  internal  electrical  resistances 
of  the  single-cell.  The  area  specific  ohmic  resistances  deter¬ 
mined  from  the  polarization  curves  are  ~8  and  ~17  £2  cm-2 
at  800  and  700  °C,  respectively.  These  values  correspond  to 
the  sum  of  the  impedance  components  at  high  and  intermedi¬ 
ary  frequencies  Rq  +R 1  =7  and  19  flcm-2  at  800  and  700  °C, 
respectively. 

The  combined  results  suggest  that  the  relaxation  at  inter¬ 
mediary  frequencies  in  the  impedance  diagrams  is  associated 
with  ohmic  resistances  that  are  possibly  related  to  contact 
resistances  at  the  electrolyte/electrode  interfaces  [20].  In 
addition,  both  power  density  and  Uo  values  are  strongly 
influenced  by  the  observed  microstructural  features  of  the 
single  SOFC  (Fig.  3).  The  relatively  high  area  specific  resis¬ 
tance  and  the  ohmic  polarization  observed  in  the  electrical 
measurements  performed  at  moderate  temperatures  are  prob¬ 
ably  related  to  both  the  anode  low  porosity  and  the  elec¬ 
trolyte  thickness  [1].  An  optimized  porous  microstructure  of 
the  anode  support  and  a  thinner  electrolyte  layer  may  con¬ 
tribute  to  the  performance  of  the  cell.  The  I-V  curves  and 
the  impedance  diagrams  at  the  lower  frequency  range  sug¬ 
gest  that  pore  formation  due  to  NiO  reduction  (~  15  vol.%)  is 
insufficient  for  the  maximization  of  the  triple  phase  boundary 
length  in  the  anode. 


4.  Conclusions 

The  slurry-coating  method  was  used  for  the  deposition  of 
thin  electrolyte  and  composite  cathode  layers  for  preparing 
anode-supported  single  SOFCs.  The  electrochemical  mea¬ 
surements  allowed  for  the  characterization  of  the  single-cells, 
revealing  that  the  anode  reduction  occurs  very  rapidly  at 
600  °C  under  H;  flow.  In  addition,  the  main  loss  mecha¬ 
nism  observed  in  the  electrical  properties  of  the  SOFC  is 
due  to  ohmic  resistances,  which  are  probably  associated  with 
the  electrolyte  thickness  and  contact  resistances  of  the  elec¬ 
trolyte/electrode  interfaces.  Emphasis  was  given  to  the  use  of 
raw  materials  found  in  Brazil,  yttria-stabilized  zirconia  and 
lanthanum  oxide.  To  the  best  of  our  knowledge,  this  is  the 
first  report  of  a  successful  SOFC  experiment  in  Brazil.  The 
results  indicate  that  with  appropriate  powder  synthesis  and 
fabrication  processes,  further  developments  may  be  useful  for 
economic  viable  fabrication  of  SOFCs  capable  of  improved 
high  current  output.  In  particular,  pore  former  addition  to  the 
anode  support,  improved  electrolyte  thickness  control,  and 
new  materials  for  moderate  temperature  operation  are  being 
developed  [20-22],  In  addition,  ethanol  is  being  considered 
as  a  competitive  fuel  for  powering  the  SOFCs. 
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